Inorganic phosphate is an essential molecule for all known life. Organisms have developed many mechanisms to ensure an adequate supply, even in lowphosphate conditions. In prokaryotes phosphate transport is instigated by the phosphate-binding protein (PBP), the initial receptor for the ATP-binding cassette (ABC) phosphate transporter. In the crystal structure of the PBPphosphate complex, the phosphate is completely desolvated and sequestered in a deep cleft and is bound by 13 hydrogen bonds: 12 to protein NH and OH donor groups and one to a carboxylate acceptor group. The carboxylate plays a key recognition role by accepting a phosphate hydrogen. PBP phosphate affinity is relatively consistent across a broad pH range, indicating the capacity to bind monobasic (H 2 PO 4 À ) and dibasic (HPO 4 2À ) phosphate; however, the mechanism by which it might accommodate the second hydrogen of monobasic phosphate is unclear. To answer this question, neutron diffraction studies were initiated. Large single crystals with a volume of 8 mm 3 were grown and subjected to hydrogen/deuterium exchange. A 2.5 Å resolution data set was collected on the Protein Crystallography Station at the Los Alamos Neutron Science Center. Initial refinement of the neutron data shows significant nuclear density, and refinement is ongoing. This is the first report of a neutron study from this superfamily.
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Introduction
Inorganic phosphate (P i ) is an essential nutrient for all organisms. It is required for the biosynthesis of diverse cellular components including nucleic acids, proteins, lipids, sugars and phosphometabolites, as well as for energy metabolism and signal transduction. All forms of life have evolved some mechanism to transport highly charged phosphate across the membrane (Bernier, 2013) . They have also developed a means of selectively transporting phosphate rather than similarly sized tetrahedral oxyanions such as sulfate or arsenate (Luecke & Quiocho, 1990; Pedersen et al., 2013; Pflugrath & Quiocho, 1985) .
Escherichia coli phosphate-binding protein (PBP) is a 34 kDa periplasmically located protein. It is a cardinal member of the periplasmic binding protein-like II superfamily (SCOP classification 53850), which contains $116 130 known proteins with representatives in all domains of life. PBP is the receptor subunit of the multi-protein ATP-binding cassette (ABC) phosphate transporter (Luecke & Quiocho, 1990) . It exhibits the highly conserved 'Venus fly trap' binding protein tertiary structure (Mao et al., 1982; . This fold contains two globular domains connected by a noncontiguous linker region, with the binding site located in the cleft between the two domains. The protein binds phosphate with low micromolar affinity. The affinity is not greatly affected by pH changes from 4.3 to 8.5, varying between K d values of $2.7 mM at the pH extremes and $10 mM in the mid range (pH 5-7.5; Wang et al., 1994) . Presumably this indicates that PBP binds both monobasic phosphate (H 2 PO 4 À ) and dibasic phosphate (HPO 4 2À ) (Vyas et al., 2003; Wang et al., 1994) . The ability to bind both forms of phosphate would be advantageous for cell survival, especially in limited P i conditions. The side-chain dipolar groups, especially hydroxyls, can engage in additional hydrogen-bonding interactions with other residues. The atom acts as both a proton donor to the phosphate and acceptor simulta-neously. This is referred to as 'cooperativity' (red arrows in Fig. 1 ). These secondary hydrogen bonds frequently occur with backbone dipoles. Currently, the purpose of these cooperative interactions is unclear. They could potentially enhance specificity by limiting the binding geometry, ensuring the side chain is solely engaged in proton donation .
X-ray structures of the PBP-P i complex, including an ultrahighresolution structure (0.98 Å ), show that the P i is buried within the binding cleft and is completely dehydrated ( Fig. 1 ; Luecke & Quiocho, 1990; Wang et al., 1997) . It engages in 13 hydrogen-bonding interactions mostly with main-chain -NH and side-chain -OH groups. The interactions of -NH and -OH dipolar groups with charged atoms or molecules, demonstrated here by phosphate, is referred to as an 'ion-dipole interaction' (Aqvist et al., 1991; He & Quiocho, 1993; Vyas et al., 2003) .
One short hydrogen bond (2.45 Å ) is formed between O4 of the phosphate and Asp56. The presence of the Asp56 carboxylate confers high specificity for phosphate by ensuring the recognition of one phosphate hydrogen, which indicates preferential dibasic phosphate binding. It has been proposed that the carboxylate is responsible for disallowing sulfate binding owing to the lack of a proton acceptor and electrostatic repulsion (Quiocho et al., 1987) . Studies on ultrahighresolution X-ray structures of extremophile phosphate-binding proteins indicate that the short hydrogen bond and the hydrogen geometry associated with it confer specificity for phosphate over the similar arsenate (Elias et al., 2012) .
The phosphate also interacts with a counter-charged residue, Arg135, through bidentate hydrogen bonds between phosphate O1 and O2 and two guanidinium -NH groups (Fig. 1) . The full chargecoupling potential of Arg135 with phosphate is believed to be diminished by a salt link with Asp137 and the overabundance of local dipolar groups (Luecke & Quiocho, 1990) . Mutation of Asp137 to Asn retains a similar phosphate-binding affinity and atomic geometry as the wild-type protein (Ledvina et al., 1998) .
Many of the remaining phosphate-binding questions center around the binding-site hydrogen positions, but even at sub-angstrom resolution they were unable to be sufficiently resolved. One important question is how PBP might bind monobasic as well as dibasic species. To address this outstanding issue, neutron studies of PBP were initiated. Neutron crystallography is the only technique that allows the direct determination of the atomic positions of H/D atoms, especially for proteins of this size and crystallographic resolution (Blum et al., 2009; Bennett et al., 2006) .
PBP is particularly well suited for neutron crystallography. The protein expresses well and easily forms large crystals. The crystals also have a relatively low solvent content (49.6%) and favorable unitcell dimensions (Table 1) . To enhance the diffraction signal and reduce incoherent scattering from H atoms, we chose to subject the sample to H/D exchange. This method is commonly used in neutron diffraction experiments and can yield additional information including solvent accessibility, H/D-exchange levels, thermal fluctuations and minimal folding domains (Bennett et al., 2006; Fisher et al., 2011) . This information will also assist with direct visualization of amino-acid protonation states and hydrogen-bonding interactions Chen et al., 2012; Cuypers et al., 2013) . X-ray data can also be incorporated into the neutron structure refinement to improve the accuracy of the model . Presented here are the crystal-preparation and neutron data-collection details.
Experimental

PBP protein expression, purification and crystallization
PBP cDNA was previously cloned into pET-22 with a stop codon inserted prior to the C-terminal His tag . To maximize both the protein production and the periplasmic export efficiency, the plasmid was freshly transformed into E. coli BL21(DE3) cells. The entire transformation was plated and grown overnight at 37 C. The bacterial lawn was resuspended in 5 ml sterile LB and transferred into 1 l 2ÂYT medium with 100 mg ml À1 ampicillin and incubated with shaking at 37 C. Once the OD 600 nm reached jF obs j À jF calc j = P hkl jF obs j Â 100; R free is the same as R work but calculated for 5% of reflections that were excluded from refinement. $1 the temperature was reduced to 16 C and the culture was allowed to equilibrate for 30 min. The cells were induced with 1 mM IPTG and left to incubate for $20 h. This protocol yields approximately 100 mg of protein per litre of culture.
The PBP purification protocol was adapted from Wang et al. (1994) . Briefly, the periplasmic fraction was isolated by osmotic shock (Neu & Heppel, 1965) . Because of the protein yield, a significant portion of the protein was found in the sucrose-Tris fraction as well as the shock fluid. The shock fluid and sucrose-Tris fraction were pooled and buffer-exchanged into 20 mM bis-tris propane pH 8.8. The sample was loaded onto a 5 ml HiTrap Q column (GE Healthcare) equilibrated in the same buffer. The protein was eluted using a gradient from 0 to 200 mM NaCl. The protein eluted at $125 mM NaCl and the sample was approximately 99% pure as estimated from SDS-PAGE. The eluted protein was buffer-exchanged into 10 mM Tris pH 7.6. Crystallization-quality purity following a single ionexchange step is achieved because only $3-10% of total bacterial protein ends up in the periplasm (Ames et al., 1984) and the massive PBP overexpression overwhelms the presence or detection of any other native bacterial proteins. This leads to near-total purity despite the one-step purification process.
Crystallization conditions were adapted from Luecke & Quiocho (1990) . The crystals for neutron diffraction were grown at ambient temperature in a nine-well glass plate and sandwich-box setup (Hampton Research). The sitting drops consisted of 250 ml 16-20 mg ml À1 PBP and 250 ml 100 mM sodium acetate pH 4.5, 50 mM potassium chloride, 2 mM sodium phosphate monobasic, 16-20% PEG 3350. The plate was placed over 25 ml 100 mM sodium acetate pH 4.5, 50 mM potassium chloride, 2 mM sodium phosphate monobasic, 20% PEG 3350. Within three weeks the crystals had reached volumes of between 5 and 8 mm 3 . Representative crystals are shown in Fig. 2 . For X-ray diffraction the initial crystals were grown via hanging drops using 20 mg ml À1 PBP and a precipitant solution of 100 mM potassium acetate pH 4.5, 50 mM potassium chloride, 2 mM potassium phosphate monobasic, 24% PEG 3350 (1:1 protein:well ratio). The resulting crystal was crushed in 50 ml precipitant solution using a Seed Bead (Hampton Research). The final crystals were grown in a drop consisting of 2 ml 12 mg ml À1 PBP, 1.5 ml precipitant solution (100 mM potassium acetate pH 4.5, 50 mM potassium chloride, 2 mM potassium phosphate monobasic, 18% PEG 3350) and 0.5 ml microseed diluted 10 4 -fold.
To prepare the crystal for neutron diffraction, we adapted the deuterium-exchange protocol from Fisher et al. (2009) . Two large crystals ($5-8 mm 3 ) were mounted separately in 2 mm diameter quartz capillaries. All of the surrounding mother liquor was thoroughly wicked away and a plug of precipitant solution prepared in D 2 O was inserted adjacent to the crystal. The ends were sealed with wax and the crystal was allowed to exchange for one month at room temperature.
2.2. Neutron and X-ray data collection and reduction 2.2.1. Neutron data collection. Time-of-flight wavelength-resolved neutron diffraction data were collected at the Protein Crystallography Station (PCS) at Los Alamos Neutron Science Center (LANSCE). After screening two different H/D-exchanged crystals, the highest quality single crystal was chosen for neutron data collection using $14 h exposures for each frame (Fig. 3) . Time-offlight wavelength-resolved Laue images were collected at room temperature for a total of 27 usable settings. The full data set was collected by reorienting the crystal using the and ! goniometer circles and measuring diffraction frames using ' steps of 30 or 45 at each crystal orientation. These images were processed with a version of d*TREK that had been modified in-house for use with wavelengthresolved Laue neutron data (Pflugrath, 1999; Langan et al., 2004) . The integrated reflections were wavelength-normalized using LAUE-NORM (Helliwell et al., 1989) and merged using SCALA (Evans, 2006; Diederichs & Karplus, 1997; Weiss & Hilgenfeld, 1997) . The crystallographic statistics for both room-temperature X-ray and neutron data are presented in Table 1 . Preliminary rigid-body and energy-minimization refinement against both neutron and X-ray data was performed with nCNS (Adams et al., 2009; Brü nger et al., 1998) . Initial inspection of the maps resulting from joint refinement in nCNS yielded nuclear density maps with easily identifiable D atoms (Fig. 3) .
2.2.2. X-ray data collection. A room-temperature X-ray data set was collected in-house using a Rigaku FR-E copper rotating-anode generator operating at 50 kV and 100 mA with VariMax optics and an R-AXIS IV ++ image-plate detector. The crystal-to-detector distance was 90 mm. 100 images were collected with a 2 min exposure time and a 1 oscillation angle. Molecular replacement was performed using Phaser-MR in PHENIX with PDB entry 1ixh (Wang et al., 1997 ) as a search model . This was followed by several rounds of refinement of coordinates and individual anisotropic displacement parameters (ADPs) and water placement in phenix.refine followed by manual fitting in Coot (Emsley et al., 2010; Adams et al., 2010) . Data statistics can be found in Table 1 . Optical photograph of a representative large single PBP crystal (the major ruler gradations are 0.5 mm; the large center crystal is approximately 1.5 Â 1.0 Â 1.0 mm).
Figure 3
Neutron Laue diffraction patterns of the PBP in two different settings with 14 h exposures. In each crystal setting the three-dimensional diffraction data were projected in time-of-flight to produce a conventional two-dimensional Laue pattern.
Results and discussion
Several large crystals with volumes of 5-8 mm 3 were obtained and H/D-exchanged. The best crystal was selected for data-set collection. The crystal diffracted to 2.5 Å resolution with 73.8% completeness and an R merge of 23.3%. A 1.7 Å room-temperature X-ray data set was also collected for joint neutron/X-ray refinement (Table 1) . These data were then used for initial rigid-body and energy-minimization refinement. The preliminary maps generated from this initial refinement show strong nuclear density for the side chains, and most of the exchangeable proton positions were deuterated, indicating that the crystal was properly exchanged (Fig. 4) . This result demonstrates that it is feasible to conduct neutron structural studies of PBP and that we are likely to obtain critical information about the binding-site hydrogen positions.
Currently, a more thorough joint neutron/X-ray structural refinement of the data set using phenix.refine is under way (Afonine et al., 2010) . We are also looking to improve the crystallization conditions to obtain more complete, higher resolution data sets. The current crystallization condition occurs at pH 4.5, where the bound phosphate should be primarily monobasic. Additional experiments include increasing the crystal pH to observe the binding of dibasic phosphate for comparison. These studies represent the first neutron structure of a substrate-binding protein and will provide valuable information on how organisms can modulate phosphate binding without sacrificing specificity.
